Background To eliminate the medical risks and logistical challenges of transporting infants from the neonatal intensive care unit (NICU) to the radiology department for magnetic resonance imaging, a small-footprint 1.5-T MRI scanner has been developed for neonatal imaging within the NICU. MRI is known to be noisy, and exposure to excessive acoustic noise has the potential to elicit physiological distress and impact development in the term and preterm infant. Objective To measure and compare the acoustic noise properties of the NICU MRI system against those of a conventional 1.5-T MRI system. Materials and methods We performed sound pressure level measurements in the NICU MRI scanner and in a conventional adult-size whole-body 1.5-T MRI system. Sound pressure level measurements were made for six standard clinical MR imaging protocols. Results The average sound pressure level value, reported in unweighted (dB) and A-weighted (dBA) decibels for all six imaging pulse sequences, was 73.8 dB and 88 dBA for the NICU scanner, and 87 dB and 98.4 dBA for the conventional MRI scanner. The sound pressure level values measured on the NICU scanner for each of the six MR imaging pulse sequences were consistently and significantly (P=0.03) lower, with an average difference of 14.2 dB (range 10-21 dB) and 11 dBA (range 5-18 dBA). The sound pressure level frequency response of the two MR systems showed a similar harmonic structure above 200 Hz for all imaging sequences. The amplitude, however, was appreciably lower for the NICU scanner, by as much as 30 dB, for frequencies below 200 Hz. Conclusion The NICU MRI system is quieter than conventional MRI scanners, improving safety for the neonate and facilitating siting of the unit within the NICU.
Introduction

Acoustic noise
MRI exams are known to be loud. Sound pressure level (SPL) is typically measured in decibels (dB) or in A-weighted decibels (dBA) that incorporate the frequency response (i.e. transfer function) of the human auditory system. Human sensitivity to sound starts at 0 dB and discomfort or pain occurs when the sound pressure level exceeds 120-140 dB [1] [2] [3] . Normal conversation levels range from 50-60 dBA [4] . Sound pressure levels of 81-117 dB are common in clinical 1.5-T MRI exams [5] but can be as high as 131 dB for high-speed acquisitions such as echo planar imaging (EPI) [6] . Because noise exposure can cause hearing loss, acoustic noise is an MRI safety parameter that is regulated by the U.S. Food and Drug Administration. For standard clinical MRI exams, the FDA requires that peak unweighted sound pressure levels do not exceed 140 dB and that A-weighted root mean square SPLs do not exceed 99 dBA with hearing protection in place. Hence, hearing protection is required for MR scanning and is typically accomplished with earplugs, which provide roughly 29-to 32-dB attenuation in noise exposure. In addition, noiseattenuating headphones are available for adults and children older than 3 months, and depending on size, materials and fit, can provide approximately 18-33 dB protection. However, the size and snug fit of pediatric headphones are not appropriate for the small and malleable skulls of newborns. Hence, earmuffs are often used to provide sound attenuation in the neonatal population and can provide up to 7-12 dB protection [3] .
Acoustic noise is a critical issue in neonatal MRI because it can elicit autonomic instability in both term and preterm neonates [7] . Excessive sound pressure level is also believed to have a detrimental effect, both direct and indirect, on the growth and neurological development of term and preterm infants [8] [9] [10] . Several adverse noise-induced health effects have been identified in the preterm population. These include hearing impairment, sleep disturbance, somatic effects and impaired auditory perception and emotional development [3] . Sleep and normal sleep cycles, which emerge at approximately 28-30 weeks' gestation, are critical for early sensory development and the creation of the permanent neuronal circuits that support the primary sensory systems, the creation of long-term memories, and learning [10, 11] . From 28 weeks of gestational age to 6 months, infants require large amounts of REM (rapid eye movement) sleep, which is necessary for the development of the tonotopic organization of the auditory nerves and auditory cortex and the tuning of the hair cells of the cochlea, all crucial for frequency discrimination [10] . Hence activity that elevates ambient sound level within the NICU has the potential to disrupt sleep and adversely affect patients. In addition, background sound levels greater than 60 dB interfere with the infant's ability to discriminate voice, language, music and other meaningful environmental sounds from background noise levels [10] . These considerations have profound implications for those considering siting an MRI unit within the NICU environment.
Although there are no regulatory guidelines defining sound pressure level limits for neonates [5] , ad hoc limits are frequently employed in the NICU environment. For example, it is recommended that neonatal noise exposure during interinstitutional transport be held below 60 dB [12] . For the NICU environment, the American Academy of Pediatrics Committee on Environmental Health (1997) recommends a daily noise level of 45 dB. Alternatively, Graven and Browne [9] recommend an Leq (hourly time-averaged equivalent continuous A-weighted sound level) of 50 dBA, an L10 (sound pressure level exceeded for no more than 10% of an hour) of 55 dBA, and an Lmax (the single highest sound pressure level over an hour monitoring period) of 70 dBA. Similarly, the Committee to Establish Recommended Standard for Newborn ICU Design (September 18, 2012) developed guidelines for acoustic noise exposure in the NICU that advocate that the combination of continuous background sound and operational sound in the infant rooms not exceed an Leq of 45 dBA and an hourly L10 of 50 dBA [13] . In addition, to prevent physiological stress Lmax should not exceed 65 dBA [13] . In light of the lack of firm guidelines limiting short-term noise exposure over a single finite time interval (e.g., such as during an MRI procedure), we have chosen a conservative target acoustic noise threshold of 65 dBA (with hearing protection) during neonatal MRI. This threshold is difficult to achieve with conventional adult-size MRI systems.
Similarly, there are no established standards regarding the types of hearing protection used to achieve target sound pressure level exposures for newborns. Passive hearing protection is typically a part of every neonatal noise reduction strategy and has been developed and used primarily to promote sound sleep. Foam earplugs and soft-shell earmuffs are the most commonly used passive noise attenuators for neonatal MRI exams. Because infant-size earplugs are not available, adult earplugs are often used. In practice, earplugs must be cut down to size for the neonate, and even then proper insertion can be difficult. The reduced size and poor fit compromise the noise attenuation. To improve the hearing protection attenuation level, a combination of soft-shell earmuffs (MiniMuffs™, Natus Medical Inc., San Carlos, CA) and earplugs can be used. MiniMuffs™ are made of soft foam secured around the ear with hydrogel and are easily attached and removed [3] . According to the manufacturer, the earmuffs can reduce noise exposure by at least 7 dB (noise reduction rating=7 dB); however some users have reported that the same earmuffs were effective in reducing the noise levels by 7-12 dB [3] .
The attenuation provided by the combined use of earplugs and earmuffs is better than either device alone, but it is typically less than the combined ratings of the two methods [14, 15] . This is due in part to mechanical coupling of the plug and the muff to the body tissues and the direct conduction of sound through the skull to the inner ear. For most adults, bone conduction pathways limit the maximum amount of attenuation obtainable with passive hearing protection to 35-50 dB [15] . The degree of bone conduction differs between newborns and adults because of the size and thinness of the infant skull [16] . However the maximum limit of hearing protection using passive means has not been determined for the neonatal population. Thus the only guaranteed way to reduce noise exposure for an infant undergoing MRI is to perform scanning more quietly.
A new neonatal MRI system
A small footprint high-field MRI scanner for neonatal imaging that can be easily installed within the NICU was developed [17, 18] . The scanner is an adaptation of an OPTIMA™ MR430s (GE Healthcare, Waukesha, WI). The MRI system has a maximum patient bore diameter of 21.8 cm (without radiofrequency coil), and roughly twice the gradient performance of conventional adult whole-body systems.
For neonatal imaging, the OPTIMA™ magnet was raised and leveled. The chair used for extremity imaging was replaced with a customized patient table (Fig. 1 ). In addition, the control electronics and radiofrequency system from a state-ofthe-art 1.5-Tesla GE scanner were integrated with the basic OPTIMA™ MRI system. The end result is a small-footprint 1.5-T scanner with imaging capabilities equivalent to those of a high-end adult-size 1.5-T MRI system. The enhanced NICU MRI platform supports the full spectrum of advanced imaging techniques (e.g., MR spectroscopy, diffusion tensor imaging, functional MRI, arterial spin labeling and phase contrast angiography) as well as electrocardiogram and respiratory gating/triggering. The control and scan room of the scanner are off the main corridor of the NICU, immediately adjacent to and across from the patient rooms.
The purpose of the present study was to compare the noise characteristics of the NICU MRI system with that of a conventional adult-size 1.5-T MR scanner. As a consequence of the smaller spatial dimensions of the gradient coil, for identical operating conditions (e.g., sequence and acquisition parameters), we anticipated that the NICU system would be appreciably quieter than an adult-size 1.5-T MR unit.
Materials and methods
Acoustic noise evaluation of the NICU and adult-size MR systems
We performed sound pressure level measurements on the new NICU MRI scanner and on a conventional adult-size wholebody 1.5-T HDxt GE MRI system (GE Healthcare, Waukesha, WI). A Brüel & Kjaer model 2250 sound level meter (Brüel & Kjaer Sound & Vibration Measurement A/S, Denmark) was used to perform the sound pressure level measurements for six standard MR scans (spin echo, conventional gradient recalled echo, echo planar imaging, fast radiofrequency spoiled gradient echo, balanced steady state free precession, and diffusion-weighted) using acquisition parameters consistent with clinical neonatal protocols ( Table 1) . Unmodified product pulse sequences were used for the acoustic noise evaluation of both MRI scanners. For both MR systems, the sensor was placed at the isocenter of the empty bore. The MR sequences, acquisition parameters, noise measurement equipment and methodology were identical for the two systems. Because the same model imaging electronics were used for each MR system, gradient amplitudes, waveforms and pulse sequence timing were identical for each system. The average sound pressure level in units of dBA was recorded for each of the MR acquisition and MR system combinations evaluated. We also documented the sound pressure level in units of dB as a function of frequency over the range of 50-20,000 Hz for each MR acquisition and MR system tested and calculated the associated average dB sound level. The sound pressure levels measured at the isocenter of the empty magnet bore in this study were dictated by the specific hardware configuration, sequence type and acquisition parameters being evaluated ( Table 1 ). As such, the sound pressure level (and hence, the measured value) for a given sequence/MR system, was expected to be constant across repeated measurements within the tolerance of the measuring device. Consequently, only one set of measurements was obtained for each sequence/MR system evaluated. The average sound pressure levels measured in dB and dBA for each system as a function of sequence were submitted to a two-tailed nonparameteic Wilcoxon signed rank test to determine whether any differences in the sound pressure levels measured for each of the MRI systems were statistically significant. Upon completion of the acoustic noise evaluation of the NICU MRI system, we conducted a pilot study to evaluate the safety and image quality in human neonates. We evaluated 15 medically and thermally stable pre-term infants (post-menstrual age at scan 30 weeks+2 days to 46 weeks+3 days; weight at scan 1.60-3.36 kg). In accordance with the institutional review board, written informed consent was obtained from at least one of the parents of each of the infants prior to imaging. The MRI exams were performed without sedation using a feed-and-sleep, a.k.a. feed-and-swaddle approach [19, 20] . With the exception of one infant, who was nil per os for medical reasons, the infants were fed approximately 1 h before the exam. The infants were then swaddled with blankets, hearing protection was applied, including earplugs (E . A . R Classic™, 3M, St. Paul, MN) and earmuffs (MiniMuffs™, Natus Medical Inc., San Carlos, CA), and the MR room lights were lowered. Electrocardiography, pulse oximetry, respiration and skin temperature were monitored continuously throughout the exam using MRI-compatible monitoring equipment (Invivo, Orlando, FL). MRI images of the brain, chest and abdomen were obtained with protocols identical to those used on the conventional large-bore MRI scanners. The average A-weighted sound pressure level for each of the clinical MR protocols was obtained for the NICU scanner in an empty bore using the same sound-level meter and sensor placement used to perform the initial acoustic noise evaluation of the system ( Table 2) . As was done for the MR system sound pressure level comparison, one SPL measurement was made for each of the clinical sequence protocols evaluated. Ax axial plane, DWI diffusion-weighted imaging, EPI echo planar imaging, FA flip angle, bSSFP balanced steady state free precession, FOV field of view, GRE gradient recalled echo, SE spin echo, SPGR spoiled gradient echo, TE echo time, TR repetition time 
Results
Acoustic noise evaluation of the NICU and adult-size MR systems
The sound pressure level values measured for the NICU MRI during each of the six MR acquisitions were consistently lower than those of the conventional adult-size MR scanner ( Table 3 ). The differences in sound pressure levels measured for the two systems reported in both unweighted dB and Aweighted dB were statistically significant (dB: P=0.03; dBA: P=0.03, two-tailed nonparametric Wilcoxon signed rank test). On average, the small NICU scanner was approximately 14.2 dB (range 10-21 dB) and 11 dBA (range 5-18 dBA) quieter. For the NICU MRI system, the highest sound pressure level value was measured for the balanced steady-state free precession (bSSFP) sequence (76 dB and 91 dBA). Alternatively, for the adult-size scanner, the highest sound pressure level value was measured to be 93 dB and 103 dBA for the diffusion-weighted imaging (DWI) sequence. The harmonic measurements performed for each of the MR sequence/system combinations evaluated are presented in Fig. 2 . The measured sound pressure level as a function of frequency showed a similar harmonic structure above 200 Hz between the two MR systems for all sequences. However the amplitude was consistently lower for the NICU MRI system. Notably, the adult-size MR system was substantially louder (as much as 30 dB) at frequencies below 200 Hz.
NICU MR clinical protocol evaluation
The average A-weighted dB sound pressure level values of each of the clinical imaging protocols measured at the isocenter of the empty bore of the NICU MR system are reported in Table 4 . Ideally, passive hearing protection used for infants should be selected to provide the maximum amount of noise attenuation (i.e. up to 29 dBA for the products currently available). Assuming that hearing protection provides a noise reduction factor of approximately 29 dBA, the noise levels experienced by the infants during a clinical MRI exam in the NICU MRI system fall near or below the target maximum noise level of 65 dBA. These findings are consistent with the observation that all 15 infants evaluated in the pilot study were able to complete the MR exam without sedation and with minimal motion artifact. Image quality in all cases was equivalent to if not better than that obtained on an adult-size 1.5-T MR scanner [18] . Nevertheless, some babies did exhibit a startle reflex upon the initiation of scans, indicating that these infants were able to hear scanner noise.
Discussion
In this study the acoustic noise properties of the new NICU MRI scanner were investigated as part of the initial safety evaluation of the system. A similar assessment was performed for a conventional whole-body adult-size MRI system using identical imaging protocols. In addition, because of the heightened concern for the exposure of preterm and term infants to excessive noise levels, we evaluated the A-weighted sound pressure level for each of the imaging protocols for brain, chest and abdominal neonatal MR exams in the NICU conducted on the NICU MR system. The results of these evaluations were interpreted within the context of the targeted acoustic noise level of 65 dBA with hearing protection (earplugs and soft-shell earmuffs) for the NICU MRI protocols. Sensory stimulation such as acoustic noise can elicit autonomic instability in term and preterm neonates. The noise levels of standard 1.5-T MR exams range from 81 dB to 117 dB on average, but can be as high as 131 dB for echo planar imaging techniques [5, 6] . Even with hearing protection these levels are well in excess of the recommended guidelines for maximum sound pressure levels within the NICU environment [13] . Largely as a consequence of the Table 3 The average sound pressure level in units of (a) unweighted decibels (dB) and (b) A-weighted decibels (dBA) recorded for each of the MR acquisition/MR system combinations evaluated smaller spatial dimensions, the NICU scanner is on average 11 dBA quieter than an adult-size 1.5-T scanner for identical imaging sequences and acquisition parameters. In addition, the transmission of MR-related noise through bone conduction is minimized in the NICU MRI system by placement of a large amount of soft padding around the infant's head; the patient table can also be cantilevered within the magnet bore to avoid direct physical contact with the noise-producing gradient coils. Hence, although not strictly additive, the noise attenuation provided by the combined use of earplugs and soft-shell earmuffs is estimated to reduce the sound pressure level by approximately 29 dBA. We found that the NICU MRI system created less acoustic noise than conventional adult-size MRI scanners. The NICU scanner was on average 14.2 dB and 11 dBA quieter than the conventional MRI system. The lower noise level is due in large part to the fact that the NICU gradient coil is considerably smaller than its adult-size counterpart. The lower acoustic noise level of the NICU system has implications not only for improved safety for the NICU patients but it also further facilitates siting of the unit in the NICU, which has its own set of acoustic noise guidelines for constant background as well as transient noise levels [13] . Of particular relevance is the recommendation that in order to provide for uninterrupted sleep and sleep cycles (critical for early development of the sensory systems [11] and the development of the tonotopic columns in the auditory cortex and tuning of the hair cells of the cochlea [10] ) and to protect physiological stability in premature and critically ill infants, the combination of continuous background sound and operational sound in the infant rooms should not exceed an Leq of 45 dBA [13] . This low ambient sound level also promotes the NICU patients' ability to discriminate voice, language, music and other meaningful environmental sounds from background noise. The harmonic behavior of the two MR systems evaluated was similar above 200 Hz; however the NICU scanner was quieter across all frequencies evaluated. The fact that the rank ordering of the quietest to loudest sequence measured for the NICU and adult-size MRI systems differed (Table 3 ) reflects the different acoustic response functions (Fig. 2) of the two scanners as well as the acoustic properties of the scan rooms themselves [21] [22] [23] .
Although the acoustic noise evaluation was performed for the adult-size GE 1.5-T MR 60-cm bore system, the results for comparable operating conditions (bore size, sequence type and acquisition parameters) should be similar for comparable adult-size systems (60-cm bore size, 1.5 T) manufactured by the other vendors because the sound pressure levels for identical sequence types and acquisition parameters are largely determined by the dimensions of the gradient coils. In general the acoustic noise levels of MRI systems increase with field strength [23] , but the details in scanner construction make it difficult to extrapolate the current 1.5-T results to systems with higher field strengths such as 3 T.
The average difference in sound pressure level between the adult-size and NICU scanners was observed to be 14.2 dB and 11 dBA. Because A-weighting is greatest for frequencies less than 1 kHz, the discrepancies between dB and dBA measurements are dominated by lower-frequency components [24] . Assuming that an infant's hearing sensitivity is comparable to that of an adult for the low frequencies [8] , A-weighted dB measurements are more physiologically relevant than unweighted measurements. Furthermore, NICU guidelines for noise exposure are given in dBA and thus dBA measurements provide a more realistic measure of acoustic performance than unweighted sound pressure levels.
In utero the fetus is protected from frequencies above 2 kHz [25] . Hence, after birth the preterm infant is exposed to frequencies atypical for his or her level of neurological development. Consequently, it is prudent that exposure to background noise in frequencies above 2 kHz be restricted as much as possible. In addition, because the 500-Hz to 2-kHz frequency range is critical for discrimination of speech [26, 27] , excessive exposure to high sound levels in this frequency band should be minimized. Furthermore, frequencies of 500 Hz and below (particularly <200 Hz), although often inaudible, are extremely effective at producing vibrotactile stimulation [12, 28] . It has been reported that prolonged exposure to vibrotactile stimulation can cause physiological [12, 28] and therefore should also be mitigated when possible for the neonatal population. Notably, the NICU MRI scanner was found to be as much as 30 dB quieter for frequencies of 200 Hz and below (Fig. 2) . The images [18] and associated sound pressure level measurements demonstrate that the NICU MRI is capable of performing high-quality diagnostic MRI exams at acoustic noise levels near or below the target value of 65 dBA when appropriate hearing protection is applied. Although not measured explicitly, the comparable sound pressure level values for the same set of imaging protocols executed on the adultsize whole-body MRI unit are on average 11 dBA higher and would expose a neonate to sound levels well above the target noise level of 65 dBA even with the use of hearing protection. The lower noise levels reduce the probability of physiological stress, thereby reducing the medical risk of the MRI exam to the neonate. In addition, the lower noise levels of the NICU MR system are less disruptive to sleep. This is not only important developmentally for all of the NICU patients, but it also increases the probability that the MRI exam can be completed without sedation. The latter is particularly beneficial in light of the growing evidence that sedation in the neonatal population poses significant risk, including neuronal apoptosis, apnea and bradycardia [29] [30] [31] [32] [33] [34] . Although the NICU MR scanner is substantially quieter than the conventional MR systems used for neonatal imaging today, measures to further reduce the acoustic noise for the NICU system are being explored, including the development of alternative hearing protection strategies and quieter pulse sequences. The NICU MRI system is currently being used for routine diagnostic exams as well as for clinical research.
Conclusion
The results of the acoustic noise evaluation together with the clinical image data collected to date have demonstrated that with appropriate hearing protection, state-of-the-art highquality MRI exams can be performed on the NICU MRI unit without exposing infants to acoustic noise above a sound pressure level of 65 dBA. The NICU MRI unit was found to be on average 14.2 dB and 11 dBA quieter than a conventional scanner and approximately 30 dB quieter in the vibrotactile band below 200 Hz. This lower acoustic noise not only reduces the risk of noise-induced autonomic instability, it also increases the probability that the MRI exam can be performed without sedation. Last, the lower acoustic noise levels of the NICU MRI system further facilitate siting of the unit in the NICU, which is governed by its own set of recommended acoustic noise guidelines [13] .
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